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Energy deposition at front and rear surfaces during picosecond laser
interaction with fused silica
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The difference between front-surface and rear-surface energy deposition of a 35 ps laser pulse
~l51064 nm! in fused silica was investigated using shadowgraphic and laser-deflection techniques.
Shock waves were observed in the glass and in air. Shock waves generated in air at the front surface
are stronger than at the rear surface. Less than 35% of the energy incident on the surface drives the
air shock waves at the rear surface. Up to 90% of the incident energy drives the air shock waves at
the front surface. Laser-plasma interaction is responsible for this difference and for limiting the
amount of energy deposited inside the sample during front-surface ablation. Energy deposition at
the rear surface is mostly limited by self-focusing inside the material. ©2001 American Institute
of Physics. @DOI: 10.1063/1.1362332#
i
rp

or
a
ol

s

on
it
ve
re
si
an
th
d
f
th

e
th
n
e

of

tp
rl

ied

ed on
ave
ck,
or

her

hin
t of

s in
, 20,

ma
ces.
ce of
Contrary to absorbing materials, energy deposition
transparent dielectrics cannot rely on intrinsic linear abso
tion. Energy absorption is due to impurities
imperfections1,2 and is, therefore, nonuniform, unless the r
diation intensity exceeds the intrinsic breakdown thresh
of the material through nonlinear absorption.3 Moreover,
both the front and the rear surfaces of a sample as well a
bulk can couple to the electromagnetic field.4–6 In the nano-
second regime, the interaction of the laser with the fr
surface of transparent dielectrics is very different than w
the rear surface. Energy deposition causes more se
cracking and a higher removal rate per pulse at the
surface.7,8 This can be qualitatively explained by the depo
tion of energy inside the material at the rear surface
plasma shielding at the front surface. Also, material at
rear surface is more easily ejected because it is not cappe
a plasma backpressure.9 In this letter, we present a study o
the interaction of 35 ps pulsed-laser radiation with bo
fused-silica surfaces.

In a first set of experiments, the fused-silica surfac
were imaged in cross section at short time delays after
pulse~t,33 ns!. In a second set of experiments, the expa
sion rate of the laser-generated shock wave in air was m
sured at longer time delays~t,10 ms!. The imaging experi-
ments were performed using the fundamental frequency
Nd:YAG Q-switched laser~t535 ps andl51064 nm! as the
pump beam. The second harmonic of the same laser ou
was used to illuminate the interaction region perpendicula
to the pump beam, and image it with different delays on
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charge-coupled-device~CCD! camera equipped with a
narrow-band 532 nm filter. The beam diameter was var
between 110 and 250mm. A full description of the experi-
mental system can be found elsewhere.10 The experimental
system used to measure shock-wave expansion was bas
the deflection of a He–Ne laser beam by the shock-w
front, described in Fig. 1. The samples were 5.5 mm thi
20 mm long, and 5 mm wide. All surfaces were polished. F
all experiments, the laser fluence was significantly hig
than the breakdown threshold of the studied surface~ap-
proximately 8 J/cm2 at 35 ps in fused silica!3 in order to
ensure uniform and reproducible energy deposition wit
the center of the Gaussian beam and reduce the effec
surface defects.

Figure 2 is a set of shadow graphs of the shock wave
air and glass obtained at the rear surface 33 ns after 12.8

il:
FIG. 1. Sketch of the laser-deflection setup with typical oscilloscope tra
The shock wave deflects the He–Ne beam and causes a dip in the tra
the detector channel.
0 © 2001 American Institute of Physics
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



ge
of
ge

he
Af
oc
he
th

he
T
st
N
se
ia
rm

er
l.
th

.
h

r
te

ure

the
nt
ri-
l to
l

rlier
e.
ore
en-

ck
es.

lass
ock
nt
ock:
tip
ese
res-

s
ust

ad

or

us

th

the

used

the

and

2841Appl. Phys. Lett., Vol. 78, No. 19, 7 May 2001 Salleo et al.
and 280 J/cm2 pulses. The vertical offset between the ima
of the two waves is a refraction effect due to a slight tilt
the sample parallel to the probe beam. The shocks are
erated in a 30–100-mm-diam ~depending on beam fluence!
area. Their front must, therefore, be initially planar. T
front becomes spherical as the disturbance propagates.
33 ns, the shock wave in air is hemispherical while the sh
wave in glass is still quasiplanar at all fluences. The hig
the fluence, the more extended the planar wave front of
glass shock~Fig. 2!, hence, the stronger the shock. T
shock waves do not generate cracks inside the glass.
planar shape of the wave front suggests that the stress
after 33 ns is mostly due to piston-like compression.
shear wave is thus observed. As the fluence is increa
evidence of self-trapping in the central part of the Gauss
beam becomes apparent as thin horizontal filaments te
nating at the glass/air interface.

The structure of the shock waves in air can be int
preted using the analysis of Callies, Berger, and Huge11

Shadowgraphic imaging of phase objects is sensitive to
second derivative of the refractive-index distribution12

Therefore, the shock front appears as a succession of t
alternating bright and dark bands. In Figs. 2~a! and 2~b!, the
shock front is separated from the ionization front by a ve
thin layer of shocked air. The ionization front is separa
from the next front~the contact front! by shocked and ion-

FIG. 2. Shadow-graphic images of shock waves generated in air and f
silica during rear-surface shots at 12.8 J/cm2 ~a!, 20 J/cm2 ~b!, and 280
J/cm2 ~c!. The time delay is 33 ns. The features labeled in the figures are
shock front~S!, the ionization front~I!, and the ejected material~E!. Fila-
mentation~F! is also visible at higher fluences. The vertical black bar on
right of the images represents the 1/e2 diameter of the beam.
Downloaded 01 Aug 2002 to 128.3.183.7. Redistribution subject to AIP
n-

ter
k
r
e

he
ate
o
d,
n
i-

-

e

ree

y
d

ized air. Ionization of air occurs because the temperat
behind the shock front~estimated from its velocity!13 is ap-
proximately 6000 K. The shock pressure estimated by
same method is 500 atm. The faintly visible contact fro
delimits the expansion of the ejected silica. It is not sphe
cally symmetric: the expansion has a component norma
the surface. At 280 J/cm2, a highly directional jet of materia
flies from the rear surface@Fig. 2~c!#. The jet is formed by
glowing particles. Part of a shock wave generated at ea
times is visible in the lower-left corner of the same figur
Jet-like material ejection seems to be the result of a m
explosive energy relaxation mechanism due to the high d
sity of deposited laser energy.

Figure 3 is a set of shadow graphs of front-side sho
waves in air and glass at different time delays and fluenc
The shock waves in air are spherical while the ones in g
are somewhat planar. The ionization front and the sh
front merge at their furthest point giving rise to a differe
morphology than the one observed in the rear-surface sh
shocked air is immediately thermally ionized behind the
of the shock front. Because of laser-plasma interactions th
shock waves have significantly higher temperature and p
sure ~as estimated from their velocities!: 9000 K and 750
atm.13 The ionization front is ellipsoidal with its long axi
perpendicular to the surface. Therefore, the temperature m
be highest at the tip of the shock wave, which initially h
the highest velocity. In Figs. 3~a! and 3~b!, the gas within the
shock wave is completely transparent and no ejected
evaporated material is visible.

Figure 4~a! illustrates that the radiusR of the expanding
shock wave is proportional tot2/5, as predicted by Sedov’s
blast wave theory for a point explosion.11,14,15 This scaling
allows us to estimate the energyE0 necessary to drive the
shock wave: for a hemispherical blast wave in air,R
5(2.38E0 /r0)1/5t2/5, wherer0 is the density of unperturbed

ed

e

FIG. 3. Shadowgraphic images of shock waves generated in air and f
silica during front-surface shots at 14.4 J/cm2 ~a! and 25 J/cm2 ~b!. The time
delay is 33 ns. The shock front~S! and the ionization front~I! are labeled in
the figures. The vertical black bar on the right of the images represents
1/e2 diameter of the beam. The scattering centers in the glass seen in~a! and
~b! are not in the plane of the pump beam. They remain visible before
after the pulse and are not related to damage during the pulse.
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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air.16 Figure 4~b! is a plot of the ratio of the shock-wav
energy to the beam energy as a function of beam energy.
fraction of beam energy expended in driving air shock wa
on the rear surface is generally lower than on the front s
face. For rear-surface shock waves, this fraction first
creases with increasing fluence, indicating increased lase
sorption at the surface. However, at 200 J/cm2 the ratio
decreases. This decrease is due to a combination of
damage~i.e., self-focusing filaments! and front-surface dam
age ~a strongly absorbing plasma spark forms at the fr
surface when the fluence measured at the rear surfac
higher than 150–170 J/cm2!. In the subsequent pulses, th
amount of energy that reaches the rear surface for dam
and shock-wave generation is progressively reduced. T
explanation is consistent with the observation that sho
wave energy—hence, deposited energy—always decre
from the first to the second shot at the same location on
rear surface; the first shot always generated damage in
the bulk of the sample. Upon subsequent irradiation, la
drilling into the bulk was observed; systematic data on dr
ing rates were not recorded for this study.

The dependence of shock-wave energy on beam en
is the opposite at the front surface. This variation may
attributed to changes in the absorption coefficient of
front-surface plasma. The coefficient for bremsstrahlung
sorption in an ionized plasma17 is proportional to the produc
of ion and electron densities—until the plasma reaches c
cal density and is essentially opaque—and roughly prop
tional to T23/2. Therefore, colder plasmas~formed at lower
fluence! and denser plasmas~formed at higher fluence! are
more absorbing and drive stronger shocks. At constant
ence, a second shot always generates a stronger front-su
air shock than the first one, which indicates that the first s
increases surface absorption. After two shots at 200 J/c2,
front-surface modifications cause nearly complete radia
absorption for all subsequent pulses. However, the stud
front-surface ablation rates and crater morphology is bey
the scope of this letter and will be the subject of furth
investigation. Approximately 90% of the laser energy is d
sipated in the shock after two high-fluence pulses. This fr
tion is in reasonable agreement with the results of Call
Berger, and Hugel who reported that approximately 80%
the laser energy is expended in driving the shock wave d

FIG. 4. ~a! Rear-surface air shock-wave radius as a function of propaga
time measured by laser deflection and~b! ratio of air shock-wave energy to
laser energy on front and rear surfaces calculated using Sedov’s form
The third shot data point on the front surface follows a two-shot sequen
200 J/cm2. The curves are drawn only to guide the reader’s eyes.
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ing excimer laser ablation of copper.11 The transmitted en-
ergy could not be measured directly because of the high
tensity of the beam near the sample surface. Absorptio
the front surface causes most of the laser energy to be
posited in air rather than being confined inside the sam
Therefore, less cracking and material removal are obser
at the front surface as compared to the rear surface.7,8,18

A 35 ps, 1064 nm laser beam interacts differently w
the front and rear surfaces of fused silica. This study sho
that differences in the absorbed energy partition between
and silica are most probably responsible for this asymme
At the front surface, laser-plasma interactions during
pulse cause a large dissipation in the air, thus limiting
efficiency of energy deposition. At the rear surface the on
of front-surface absorption and self-focusing limit ener
deposition. Energy is mostly confined inside the mate
when the beam interacts with the rear surface and dissip
in the air when the beam interacts with the front surfa
Therefore, for a given absorbed energy, material remo
efficiency is much higher at the rear surface than at the fr
surface.
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